S-2-Aminoethyl cysteine (AEC) reduced both growth rate and final growth level of Serratia marcescens Sr4l. The growth inhibition was completely reversed by lysine. AEC inhibited the activity of lysine-sensitive aspartokinase to a lesser extent than lysine. The AEC addition to the medium lowered not only the level of lysine-sensite aspartokinase but also those of homoserine dehydrogenase and threonine deaminase, whereas lysine repressed the aspartokinase alone. To select mutations releasing lysine-sensitive aspartokinase from feedback controls, AECresistant colonies were isolated from strains HNr31 and HNr53, both of which were previously found to excrete threonine on the minimal plates but not on the plates containing excess lysine. Two of 280 resistant colonies excreted large amounts of threonine. Strains AECr174 and AECr301, derived from strains HNr31 and HNr53, respectively, lacked both feedback inhibition and repression of lysinesensitive aspartokinase. These strains produced about 7 mg of threonine per ml in the medium containing glucose and urea.
In bacteria, threonine is synthesized from aspartate via homoserine by five enzymes, including aspartokinase (EC 2.7.2.4) and homoserine dehydrogenase (EC 1.1.1.3). Threonine biosynthesis is regulated mainly by feedback controls of both enzymes. Enteric bacteria have three isozymes of aspartokinase (21) . The first is feedback inhibited by threonine and multivalently repressed by threonine and isoleucine. The second is repressed by methionine but not feedback inhibited by methionine. The third is subject to both feedback controls by lysine.
We previously reported threonine production by regulatory mutants of Serratia marcescens Sr41 (13) . These mutants lacked either feedback inhibition or repression of threonine-sensitive aspartokinase and homoserine dehydrogenase. Some diaminopimelate auxotrophs derived from the regulatory mutants produced more threonine than the parent strains under conditions where lysine-sensitive aspartokinase might be physiologically released from feedback controls by limiting the lysine source. This indicated that genetic lack of feedback controls of lysine-sensitive aspartokinase would markedly increase the threonine productivities of S. marcescens strains.
For these reasons, we wanted to obtain regulatory mutants for lysine-sensitive aspartokinase. S-2-Aminoethyl cysteine (AEC) acts as a lysine antagonist on bacteria (19) . Some mutants resistant to this antagonist were reported to lack feedback controls of the aspartokinase (10, 17, 22) . Therefore, we examined the action of AEC on S. marcescens and isolated AEC-resistant mutants. Furthermore, we found regulatory mutants for lysine-sensitive aspartokinase among the resistant mutants by selecting for threonine excretion. This paper deals with the participation of lysine-sensitive aspartokinase in threonine production by AEC-resistant mutants of S.
marcescens.
MATERIALS AND METHODS
Bacterial strains. Derivatives of S. marcescens Sr4W (16) were used (Table 1) .
Media. The medium of Davis and Mingioli (7) was modified by omitting the citrate and increasing the glucose to 0.5%. This modified medium was used as the miniimal medium. Threonine production was examined with the medium previously described (13 Enzyme assay. To a 500-ml Sakaguchi shaking flask was added 150 ml of minimal medium modified by decreasing the glucose to 0.02%. For the cultivation of strains other than strain Mu-910, 0.05 mM L-isoleucine was also added to the medium with or without the addition of 0.05 mM L-methionine. The medium was inoculated with a loopful of cells grown on a nutrient agar slant overnight and incubated at 30°C with reciprocal shaking (140 rpm, 7-cm stroke). After 16 h, the growth ceased at 80 to 120 jIg of dry cells per ml. Glucose and amino acids were added to the medium to give final concentrations of 0.5% and 1 mM, respectively. Subsequently, the incubation was continued until the amount of cells reached about 900 jig/ml (late log phase). To examine the effect of AEC or lysine on enzyme formation in strain Mu-910, each was added at 16 h of incubation. The cells cultured were centrifuged, washed, and suspended in 50 mM potassium phosphate buffer (pH 8.0) containing 30% glycerol for enzyme stabilization. Cell-free extracts were prepared by sonification as described previously (12) .
Aspartokinase activity was determined at 30°C as described previously (11) . Unless otherwise noted, the activity was measured in the reaction mixture without the addition of threonine and lysine and is expressed as total activity, which includes the activities of both threonine-sensitive and lysine-sensitive aspartokinases. Lysine-sensitive aspartokinase activity was measured in the presence of 50 mM L-threonine to inhibit threonine-sensitive aspartokinase activity. Homoserine dehydrogenase and threonine deaminase (EC 4.2.1.16) activities were also determined at 30°C as described previously (11, 12) . Protein was measured by the procedure of Lowry et al. (15) . Specific activities are expressed as micromoles of products per milligram of protein per minute.
Threonine production. Threonine production was examined by the method previously described (13) .
Chemicals. AEC (L-form) and a,e-diaminopimelate were obtained from Sigma Chemical Co., St. Louis, Mo. a,E-Diaminopimelate was a mixture of the LL, DD, and meso isomers.
RESULTS
Effect of AEC on growth of strain Mu-910. Strain Mu-910 is mutationally deficient in threonine dehydrogenase (14) , and all of the mutants used carry this mutation. Therefore, we examined the action of AEC by using strain Mu-910 ( Fig. 1 ). When the medium was inoculated with a large number of cells, at a concentration as high as 100 mM, AEC did not inhibit growth strongly (Fig. 1A) . Marked growth inhibition was observed by decreasing the amount of cells inoculated (Fig. 1B) . Under these conditions, AEC reduced both growth rate anu final growth level. The final growth level was decreased by increasing the AEC concentration. AEC-mediated inhibition was completely reversed by lysine but only slightly by diaminopimelate, a lysine precursor (Fig. 2) . Methionine enhanced the inhibition slightly, whereas threonine plus isoleucine reversed it slightly.
Effect of AEC on the activity and formation of lysine-sensitive aspartokinase. To determine the cause of AEC-mediated growth inhibition, we examined the effect of AEC on the activity and formation of lysine-sensitive aspartokinase. AEC inhibited the activity 50% at 50 mM, whereas lysine inhibited it to the same extent at 5 mM (Fig. 3) . The addition of AEC to the minimal medium lowered the level of lysine-sensitive aspartokinase ( of homoserine dehydrogenase and threonine deaminase were also measured. Although lysine had no effect on the formation of both enzymes, AEC lowered both levels. Accordingly, there is a possibility that nonfunctional protein is formed in the presence of AEC. duced about 7 mg of threonine per ml in the medium containing D-threonine, a limiting source of isoleucine, whereas their parent strains produced only a small amount of threonine. However, the productivities of AEC-resistant mutants were lower than that of strain HNr21. This seems to be due to feedback inhibition of homoserine dehydrogenase by threonine in the former two strains. DISCUSSION Enteric bacteria probably possess three isozymes of aspartokinase (21) . This makes it difficult to derive regulatory mutants for lysinesensitive aspartokinase directly from the wild strains. Boy and Patte previously reported that such mutants of Escherichia coli K-12 were found among lysine-resistant mutants derived from a strain lacking both threonine-sensitive and methionine-repressible aspartokinases (2, 3) . Although AEC acts on E. coli and Salmonella typhimurium (6, 20) , no regulatory mutant for lysine-sensitive aspartokinase has been found among AEC-resistant mutants derived from these two bacteria. The AEC-resistant mutants of E. coli were reported to have an altered lysyltransfer ribonucleic acid synthetase (8) . The resistant mutants of S. typhimurium were described to have decreased activities of homoserine dehydrogenase (9) . These reports indicate that in the case of enteric bacteria, regulatory mutants for lysine-sensitive aspartokinase cannot be isolated by selecting for AEC resistance alone.
S. marcescens has at least two distinct aspartokinases: threonine-sensitive and lysine-sensitive enzymes (13, 18; Fig. 4) . AEC was found to act as a lysine antagonist on S. marcescens as described above. However, we had failed to obtain regulatory mutants for lysine-sensitive aspartokinase by selecting for lysine excretion of AEC-resistant mutants derived from the wildfI)U (2) type strain. This result was reasonable because most of the lysime-excreting mutants were considered to lack feedback controls of the enzymes specific for the lysine pathway. Therefore, we devised a method for isolating the required mutants of S. marcescens. Our method was based on the assumption that the lack of feedback controls of the aspartokinase would increase the threonine excretion in regulatory mutants for threonine biosynthesis. Accordingly, the method was composed of using threonine regulatory mutants as parent strains and selecting for AEC resistance and for threonine excretion, sequentially. Thus, we could obtain regulatory mutants of S. marcescens for lysine-sensitive aspartoki- We previously presumed that the feedback inhibition of homoserine dehydrogenase was primarily rate limiting for threonine production. The two mutants obtained in this study, strains AECr174 and AECr301, produced considerable amounts of threonine in mediunm containing glucose and urea. However, there was no detectable difference among strain AECr174, its parent, and the wild type in feedback controls of homoserine dehydrogenase. The dehydrogenase of strain AECr301 was constitutively derepressed but was sensitive to feedback inhibition by threonine to the same extent as those of its parent and the wild type. These data can be explained as follows. In vivo, threonine is considered to inhibit the formation of homoserine from aspartate-,fsemialdehyde by homoserine dehydrogenase (5). However, this inhibition is probably reversed by increased intracellular levels of the substrate because of competitive inhibition. Lack of feedback controls of aspartokinase in our AEC-resistant mutants possibly leads to the increased formation of not only fl-phosphoaspartate but also aspartate-,8-semialdehyde. In this case, threonine-mediated inhibition ofhomoserine dehydrogenase seems to be less strong than that observed in vitro. For these reasons, we supposed that our mutants would produce threonine without adding mutational desensitization of homoserine dehydrogenase.
Thus, lysine-sensitive aspartokinase was found to participate in threonine production by certain mutants of S. marcescens. On the other hand, we previously reported threonine-producing strains that lack feedback controls of threonine-sensitive aspartokinase and homoserine dehydrogenase (13) . Therefore, to construct an excellent threonine-producing strain by transduction, we combined desensitization and derepression of the three related enzymes. The transductional construction of a threonine-producing strain of S. marcescens will be described in a separate paper.
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